I -INTRODUCTION
Field evaporation is a removal of surface atoms by a high electric field /1/ and is directly observed by a field ion microscope. It has been known that the presence of hydrogen on a metal surface promotes field evaporation /2/ and reduces the applied field for a given evaporation rate, or the evaporation field / 3 / .
It has been shown that the evaporation field of iron in hydrogen atmosphere is considerably smaller than that in neon. This reduction of the evaporation field is probably related to the reduction of binding energy of surface atoms of iron by adsorbed hydrogen on iron surface. If the field evaporation both in neon and in hydrogen can be described by the charge-exchange model / 4 / , it is possible to determine the reduction of the binding energy of surface atoms from the measured reduction of the evaporation field. As it has been indicated, however, the temperature dependence of the evaporation field in neon below about 150 K is not consistent with the charge-exchange model and a different ratecontrolling process for the evaporation must be considered /5/. In order to study the reduction of the evaporation field by hydrogen, it seems important, therefore, to examine closely the evaporationbehavior in neon and hydrogen. In the present study, temperature dependence of the evaporation field and field dependence of the evaporation rate are measured in neon and hydrogen between 20 K and 200 K, and activation energy for the evaporation was estimated.
The effect of hydrogen on the field evaporation of iron is likely to be due to the adsorbed hydrogen atoms on iron surface, since the solubility of hydrogen in iron at low temperatures is very small. Contrary to iron, niobium absorbs hydrogen and forms hydrides at low temperatures. It has been shown that the dissolved hydrogen atoms in niobium affect the FIM image /6/.
It may be interesting, therefore, to study the field evaporation of niobium in a presence of hydrogen Article published online by EDP Sciences and available at http://dx.doi.org/10. 1051/jphyscol:1986705 and to compare the results with those of iron.
I1 -EXPERIMENTAL
Iron(99.9%) and niobium(99.9%) wires, 0.2 mrn thick, were used for specimens after electropolishing at one ends in solutions; H20(2pt.), HCl (lpt.) and HN03 (lpt.) at ?.20°C and a4 V ac for iron, and H2S04(5pt), HNO (2pt.) and HF(1pt.) at %-40°C and a10 V dc for niobium. The FIM use2 was equipped with a cryogenic refrigerator and temperature of a specimen could be continuously changed down to 20 K. Two kinds of measurements were made. One was to determine the temperature dependence of an applied voltage at which the (011) planes on a nearly spherical surface of a specimen tip were removed at a rate of about 0.1 layers/s. This was done by directly observing the field evaporating atomic planes by the FIM with neon and/or hydrogen. The other was to measure the applied voltage dependence of the evaporation rate. This was done by analyzing the video-recorded FIM images, time and voltage during field evaporation. The measured evaporation rate centered at 10-llayers/s and covered approximately two or three orders of magnitude. In both measurements, the voltage increase due to the increase of tip radius was corrected. Hydrogen content in niobium specimen before field evaporation and the exposure to hydrogen atmosphere in the FIM chamber is not known. Attempts were made to reduce the initial hydrogen content by heating the niobium tip at %10-~Pa after obtainingaclear FIM image in neon. Unfortunately, the heating sometimes deteriorated the quality of neon images and made the following measurements of the evaporation voltage and the evaporation rate difficult. Therefore non-heated specimens were used. The neon images of non-heated specimens, however, were very similar to that thoroughly outgassed specimen by Krautz et a1./6/ and no dark regions due to dissolved hydrogen on the image was recognized. We consider, therefore, that the amount of hydrogen originally contained in the specimen which had been field-evaporated in neon and kept in the FIM chamber at a partial pressure of residual hydrogen gas of less than 10-~Pa is sufficiently small and does not influence significantly the present results or at least the qualitative trend of the results.
I11 -RESULTS AND DISCUSSION
(a) Results for iron Figure 1 shows the temperature dependence of the applied field for the evaporation of (011) planes at 10-1 layers/s. The field F which we call evaporation field here is assumed to be proportional to the applied voltage and is normalized by F,, the extrapolated value of F at 0 K. The evaporation field in hydrogen is also normalized by the same F,.
Neon and hydrogen pressures are 7x10-3pa and 6x10-3 Pa, respectively. A large temperature dependence of F in neon and a large reduction of F by hydrogen is seen. Temperature dependence of F in hydrogen is quite smooth, contrary to the previously reported dependence in which a step-like change of F at about 85 K has been observed 3
The present study has found that the step was an artifact due to a small amount of N2 or CO contained in hydrogen whose partial pressure rapidly decreased at the tip temperature of 85 K as the temperature of the refrigerator surface was decreased. ( 6 x 1 0 -3~a ) .
See t e x t f o r t h e c o n d i t i o n s . .
min. i n t h e same mixtured g a s , and ( 3 ) a g a i n i n 3 x l 0 -~~a of neon a f t e r t h e mixtured g a s c o n t a i n i n g hydrogen h a s been completely evacuated.
The p a r t i a l p r e s s u r e of hydrogen i n c o n d i t i o n ( 3 ) i s l e s s t h a n 10-7Pa.
The r e s u l t s under c o n d i t i o n ( 3 ) remained t h e same even a f t e r a b o u t 100 l a y e r s o f ( 0 l l ) p l a n e s had been removed. T h e r e f o r e , t h e reduced evapor a t i o n f i e l d i n neon o f specimens once exposed t o hydrogen gas (condi-
t i o n ( 3 ) ) compared t o t h e f i e l d b e f o r e t h e exposure ( c o n d i t i o n (1) ) , and a l s o t h e d i f f e r e n t s l o p e s between F i g s . 4 ( a ) and 4 ( c ) can be a t t r i b u t e d t o t h e e f f e c t of hydrogen d i s s o l v e d i n niobium. The l a r g e r r e d u c t i o n of t h e e v a p o r a t i o n f i e l d i n c o n d i t i o n ( 2 ) and t h e s m a l l e s t s l o p e s i n F i g . 4 ( b ) compared t o t h o s e under c o n d i t i o n (1) a r e due probably t o t h e d i s s o l v e d hydrogen a s w e l l a s adsorbed hydrogen on t h e niobium t i p s u r f a c e . R e s u l t s f o r i r o n under such a c o n d i t i o n a s (31, on t h e o t h e r hand, a r e t h e same a s t h o s e b e f o r e t h e hydrogen exposure, i n d i c a t i n g t h a t t h e e f f e c t o f hydrogen i s due o n l y t o adsorbed
hydrogen atoms on i r o n s u r f a c e . Ne: 3xl0-~pa where y is the rate constant, y, the pre-exponential, Q the activation energy, k the Boltzmann constant andT the temperature. The evaporation rate J in layers/s on the (0ll)plane is related to y by J = nhrYr (2) where nhr is the amount of materials in layers at high risk of field evaporation /7/ and is assumed constant. Assuming further that Q is a function of only F and y, is independent of T, we obtain alay aF
(3 for a constant J or y. Values of (aln J/a (F/Fo) )T and (a (F/Fo)/aT) in eq. (3) can be obtained from the slop0 in Figs. 3 and 4 at J = 0.1 layers/s and from the slope in Figs. 1 and 2 , respectively. Therefore, Q can be determined and the results are plotted against temperature in Figs. 5 and 6 for iron and niobium, respectively. The variation of Q with T of both iron and niobium under the effect of hydrogen, squares in Fig. 5 and squares and triangles in Fig. 6 , is quite smooth within the examined temperature range; g increases monotonically with T. In neon, Q -T curves for iron and niobium are not simple. Figure 5 clearly suggests that the rate-controlling process for the evaporation of iron can not be described by a single process and it appears that different processes should be considered below -100 K and above %150K.
The Q -T relation for niobium in neon is qualitatively similar to that of iron and it is also difficult to explain the relation by a single rate-controlling process. According to eq. (I), Q should be proportional to T for a constant y. The deviation from the proportionality is then due to a variation of yo with F. The smaller values of Q under the effect of hydrogen compared to those in neon are due to smaller values of yo, since y is the same in a11 the cases. Variation of activation Fig. 6 Variation of activation energy for iron at a constant evapo-energy for niobium at a constant ration rate, 10-llayers/s, with evaporation rate, 10-I layers/s, temperature.
with temperature. Upper, middle and lower curves are under conditions (11, ( 3 ) and (21, respectively.
It is suggested that the rate-controlling process for the field evaporation of iron in neon below about 100 K is the short-range migration of evaporating atoms just before the evaporation and it is the field evaporation process itself described by the charge-exchange model above 150 K /5,8/.
A reasonably similar trend of Q -T curve for niobium in neon, upper curve in Fig. 6 , to that for iron in neon in Fig. 5 seems to indicate that a similar argument can also be made for the rate-controlling process of the field evaporation of niobium in neon. 
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The pre-exponential factor yo can be obtained from eqs.
(1) and ( 2 ) as,
The variation of yo with T is shown in Figs. 7 and 8 for iron and niobium, respectively, assuming nhr = 0.1 layers /8/. Fig. 7 Change of pre-exponential Fig. 8 Change of pre-exponential factor yo of iron at a constant factor yo of niobium at a constant evaporation rate, 10-1 layers/s, evaporation rate,l0-1 layers/s, with temperature.
with temperature.
We have assumed that (aln Y,/~T)~= 0. If this is justified, the obtained variation of yo with T is solely due to the change of yo with F, since F at a constant evaporation rate depends on T. It is seen that yo under the influence of hydrogen is surprisingly smaller than the vibrational frequency of metal atoms which is of the order of 1012 /s. Explanations for yo of less than 105/s for iron and niobium in hydrogen atmosphere are not available. It can be shown that the low values of yo for iron in neon below 100 Kareexplained by a tunneling of evaporating atoms through the activation barrier for the short-range migration process. yo for niobium in neon (condition (1)) above a70 K is close to the vibrational frequency. Quite low values of y o at low temperatures is likely to be due to the tunneling effect as in the case of iron. The present results can be summerized as follows. Evaporation field of niobium is reduced by both adsorbed hydrogen on the surface and dissolved hydrogen in niobium, while the reduction of the evaporation field of iron by hydrogen is due to the adsorbed hydrogen on iron surface. Presence of hydrogen reduces the activation energy for the field evaporation of iron and niobium. The pre-exponential factor under the influence of hydrogen is quite small compared to the vibrational frequency of atoms. Field evaporation of iron and niobium in neon cannot be described by a single rate-controlling process.
